The ribosome is a large complex catalyst responsible for the synthesis of new proteins, an essential function for life. New proteins emerge from the ribosome through an exit tunnel as nascent polypeptide chains. Recent findings indicate that tunnel interactions with the nascent polypeptide chain might be relevant for the regulation of translation. However, the specific ribosomal structural features that mediate this process are unknown. Performing molecular dynamics simulations, we are studying the interactions between components of the ribosome exit tunnel and different chemical probes (specifically different amino acid side chains or monovalent inorganic ions). Our free-energy maps describe the physicochemical environment of the tunnel, revealing binding crevices and free-energy barriers for single amino acids and ions. Our simulations indicate that transport out of the tunnel could be different for diverse amino acid species. In addition, our results predict a notable protein-RNA interaction between a flexible 23S rRNA tetraloop (gate) and ribosomal protein L39 (latch) that could potentially obstruct the tunnel's exit. By relating our simulation data to earlier biochemical studies, we propose that ribosomal features at the exit of the tunnel can play a role in the regulation of nascent chain exit and ion flux. Moreover, our free-energy maps may provide a context for interpreting sequencedependent nascent chain phenomenology.
I
n recent years, experimental evidence has accumulated revealing that the ribosomal tunnel could play an important role in cotranslational regulation of protein secretion (refs. 1-9, among other relevant studies). For example, the secM peptide binds to the narrowest constriction of the tunnel, between ribosomal proteins L4 and L22, which protrude into the tunnel, causing translation arrest, which is required in vivo to elevate the frequency of secA translation (2) . Sequence-dependent translation arrests, such as the case of the secM peptide, have led scientists to propose that the ribosomal tunnel could act as a discriminatory ''gate'' for proteins [Nakatogawa and Ito (1) and other works reviewed in ref. 4) ]. The involvement of particular L22 residues and specific domains of 23S rRNA suggest that there is some kind of signal-transmission mechanism (1) from the tunnel components to the peptidyl transferase center (PTC). In addition, studies show that some regulatory peptides like secM (3) or tnaC (6, 7) require the presence of a nonpolypeptide cofactor for stalling. Other examples of intraribosomal signal transmission have been identified. For example, macrolide antibiotics (10) appear to disable ribosomal function by obstructing the exit tunnel at the constriction site or by triggering a conformational change in L22 that propagates along the tunnel (11, 12) . Liao et al. (13) found that the ribosome tunnel is responsible for recognizing nascent membrane proteins and recruiting translocon assistance, based on interactions between the nascent chain and an alleged tunnel sensor, protein L39. However, it is not yet known how the signal is transmitted from L39 to the transloconbinding regions at the tunnel's surface. The studies by Dresios et al. (5) , show that the absence of ribosomal protein L39-a small protein located near the exit of the tunnel-increases the rate of binding of aminoacyl-tRNA to the A-site and diminishes the accuracy of translation.
Overall, these findings depict the ribosomal tunnel as a protein-sensitive channel with an active role in sequence recognition and regulation of translation. Important questions follow from these studies: What is the nature of the chemical environment inside the tunnel such that it allows sequence-specific regulation of translation? Which are the specific ribosomal features that give rise to such an environment?
X-ray structures let us appreciate-at atomic resolution-the complex architecture of the ribosome [for example, Schuwirtz et al. (14) and Ban et al. (15) ]. Computer simulations allow researchers to set these static structures in motion and explore otherwise-inaccessible temporal and spatial regimes, yielding characterizations of global ribosomal electrostatics (16) and large-scale motions (17, 18) .
Unlike earlier modeling efforts (16) (17) (18) , we focus on the ribosome tunnel to elucidate its role in the regulation of translation. Our computational approach combines calculation of free energies and a fragment-based scan of the molecular surface of the ribosome tunnel. The function of a biomolecule is associated with its ability to interact with ligands. In the case of the ribosome tunnel, the ligand is the nascent polypeptide that interacts with the structural proteins and nucleotides that comprise the ribosome tunnel. We scan the inner surface of the tunnel with fragments of the nascent polypeptide. Our set of probes consists of various single amino acid side chains that represent various chemical functionalities present in the nascent chain (hydrophobic, charged, large, small, and aromatic). In a similar fashion, we probe the tunnel with Cl Ϫ and Na ϩ ions to assess their accessibility in the tunnel. By our method, however, the simulated chemical probes are separated in space to prevent their mutual interactions. Technical details of our methods can be found in Methods. We perform thermodynamic sampling on an unprecedented scale (Ϸ10 ns per Å 3 ), calculating comprehensive maps of the 3D potential of mean force (PMF) for single amino acid analogs and ions throughout the ribosomal exit tunnel. These maps directly illustrate binding sites and energetic barriers that may approximate the interactions recognized by the side chains in the nascent polypeptide, suggesting sequencedependent pathways of amino acid side chains in their way out of the ribosome. We verified differences in accessibility between Na ϩ and Cl Ϫ ions at the exit of the tunnel. Furthermore, our simulations reveal an arginine-mediated RNA-protein interaction between ribosomal components, acting as a ribosomal valve, whose rapid fluctuations (approximate nanosecond time scale)
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occlude the tunnel's exit and could potentially affect the rate of peptide translocation or ion flux.
Results

Free-Energy Landscape of the Exit Tunnel Is Amino Acid-Dependent.
Using an all-atom model of a fragment of the Haloarcula marismortui ribosome including the exit tunnel (see Fig. 1 and Methods), we calculated a PMF for tryptophan, alanine, isoleucine, lysine, and aspartate to probe the reactivity of the environment to aromatic, small, hydrophobic and charged species. This calculation yields positional free-energy profiles for each side-chain analog in the entire solvent-accessible volume inside the ribosome tunnel (Fig. 2) . At first sight, the profiles in Fig. 2 show that the tunnel's molecular surface, far from being energetically smooth, presents an intricate landscape with freeenergy barriers and local free-energy minima. Moreover, freeenergy profiles notably vary between different amino acid species, indicating that, considering solely the effect of the isolated side chains, transport of these amino acids through the tunnel could be inherently different.
Despite noticeable physicochemical differences, all of the profiles share an unexpected feature in common: Large freeenergy barriers lie at the tunnel's exit, where the amino acid probes would be expected to experience higher entropic freedom and fewer interactions with the ribosome. Fig. 3 shows a 1D projection of the binding free energy along the longitudinal axis of the ribosome tunnel. On the main axis of the tunnel, there is a significant free-energy barrier for lysine (Ϸ7 k B T), isoleucine (Ϸ5 k B T), and tryptophan (Ϸ6 k B T) at the exit. On the other hand, for aspartate (Ϸ2 k B T) and alanine (Ϸ1 k B T), this barrier is smaller. These results indicate that the free-energy barrier at the exit of the tunnel depends on the chemical group, being significantly lower for small and negatively charged amino acids like alanine and aspartate, respectively. Relating this data to the free-energy maps of charged ions, we can observe that this free-energy barrier depends not only on the size and composition but also on the charge of the chemical probes. Fig. 4 , supporting information (SI) Text, and Figs. S1 and S2 show the free-energy profiles for Cl Ϫ and Na ϩ ions in the tunnel, illustrating the affinity and accessibilities of these chemical species. These profiles were calculated by following the same protocol as with the charged amino acid free-energy maps. Our calculations show that the walls of the tunnel are unfavorable to Cl Ϫ ions. Accessibility of Cl Ϫ increases away from the walls, as noticed in the spacious section between the PTC site and the constriction site. The constriction site seems particularly accessible to Cl Ϫ . Positive residues from both L22 and L4 protrude into the tunnel at this narrow point as shown in Fig. S1C . Accessibility of Cl Ϫ decreases toward the exit of the tunnel (1 Ͻ ⌬G Ͻ 5 k B T) nearby a 23S rRNA tetraloop (residues 494-497) and arginines in L39. On the other hand, there is high affinity (⌬G Ͻ Ϫ5 k B T) for Na ϩ ions throughout the tunnel (Fig. S2C ), especially lining the walls. In particular, near the exit, the accessibility of Na ϩ is high. Areas for reduced accessibility for Na ϩ (⌬G Ͼ 7 k B T) are shown in Fig. S2D and include the regions nearby the PTC site, the constriction site, and arginines in L39.
Characterizing a Rapidly Fluctuating RNA-Protein Interaction. Amino acid and Cl Ϫ maps see free-energy exclusion at the exit of the tunnel. This free-energy barrier seems reduced for the small probes alanine and aspartate, and there is no free-energy barrier for Na ϩ ions. What is the structural cause of this differential free-energy barrier? Flexible structural components near the exit of the tunnel were identified by analyzing control trajectories of a simulated model that includes only the ribosome tunnel, water, and ions and no amino acid probes (Methods in SI Text). The root mean square displacements (RMSD) of the atoms at the end of the tunnel revealed a striking feature of the tunnel's dynamical activity: a very flexible rRNA segment (hereafter referred to as the gate) and nearby positively charged residues from protein L39 (hereafter, referred to as the latch) (see Movie S1 and Movie S2). The large RMSD fluctuations from our simulations correspond well with the crystallographic B factors, which show peaks of B Ͼ80 Å (2) both for atoms of the gate and latch L39 (see Discussion in SI Text and Fig. S3 ). The histogram of distances (Fig. 4B) show that the distance between A497 and the group of arginines (R20, R31, and R39) of L39 can deviate Ϸ8 Å from the crystal structure value of 9.5 Å and exhibits additional peaks at 2.8 Å and 4.8 Å, suitable distances for hydrogen bonds and water-mediated hydrogen-bond interactions, respectively.
Discussion
The Tunnel as a Protein-Sensitive Channel. Each of the free-energy calculation profiles in Fig. 2 is markedly different, indicating that the molecular surface interior to the tunnel is indeed sensitive to the variation in chemical species, in agreement with the results of recent experiments (2, 8, 9, 13, 19, 20) .
Alanine is a small molecule with no functional groups and, for a nonpolar molecule, little hydrophobicity. The tunnel's environment for alanine does not seem much different from that of bulk solvent. This is also reflected by the sharp peak near solvation free energy in the free-energy histogram (see Discussion in SI Text and Fig. S4 ).
The tunnel presents an inhospitable environment for the hydrophobic probes tryptophan and isoleucine ( Fig. 2 E and F) . The free energy profiles reflect overall unfavorable free energy, even along the most spacious central axis of the tunnel. In the tunnel, water is a preferred occupant over hydrophobic side chains, thus reducing significantly their accessible volume in the tunnel. This is especially true for tryptophan at the constriction site.
Reports indicate that the constriction site is an essential feature for ribosome stalling mediated by a specific nascent sequence, such as in secM (2) . Tryptophan, present in a similar position in both the tnaC and secM peptides, is thought to be important for ribosome stalling (6, 7) . In addition, some specific mutations of key residues at the constriction relieve stalling (1, 6, 7), although other additional features of these stalling sequences like compaction (8) or binding of cofactors (3, 6 ) also seem to be crucial for stalling. Consistent with these reports, Fig.  2F and Fig. S5 show that tryptophan has a sizable free-energy barrier at the tunnel constriction (⌬G Ͼ 4k B T).
For the hydrophilic species, the tunnel creates a rugged free-energy landscape. As seen in Fig. 2 B and C, lysine and aspartate acid have inverted free-energy profiles: Where lysine has energy barriers, aspartate has energy depressions and vice versa. Because the constriction site is hydrophilic, the charged probes do not suffer significant energy barriers at this relatively narrow location. Aspartate has a favorable pocket near positive residues of L22. In addition, whereas lysine exhibits a large free-energy barrier at the exit of the tunnel, aspartate seems to find easier access to this region (Fig. 2C) .
Lu et al. (9) have experimentally measured accessibilities of amino acids based on the relative ratios of modification rate constants for specific nascent chain side chains at discrete positions in the tunnel using a cysteine-substituted molecular tape measure derived from the Kv1.3 protein. This interesting study proposes that the electrostatic potentials in the tunnel are dynamic and regulated by the presence of the nascent chain. By a thorough scan of the tunnel, our computational approach also captures the fact that the different accessibilities for single chemical probes depend not only on charge but also on the size of the probes as suggested by Lu et al. Our study includes both the enthalpic and the entropic contributions from the interactions. In addition, our maps highlight features of the tunnel with potential functional roles.
The free-energy maps of the various probes characterize the chemical environment of the tunnel. These maps could be extrapolated to understand the interactions between the nascent chain and the tunnel. However, caveats of this extrapolation include a probable overestimation of the molecular surface of the tunnel accessible to amino acid side chains as compared with the accessibility of the nascent chain. As part of the nascent chain, the peptide bond between any pair of consecutive residues restricts the mobility of side chains in the tunnel. These restraints might be particularly relevant at the narrower points in the tunnel, such as the constriction site, increasing the size of the free-energy barriers compared with those barriers suffered by the individual side chains in those regions. The added value of this PMF data resides in its use as force field for molecular dynamics (MD) simulations of the nascent chain in the tunnel with the proper backbone restraints.
The free-energy maps of Cl Ϫ and Na ϩ probes show the affinity of these ions for the tunnel. The negative Cl Ϫ probe shows low affinity for the walls of the rRNA-lined tunnel (Fig. S1C) , especially at the exit where the accessibility of Cl Ϫ is reduced. On the other hand, Na ϩ ions find many favorable regions in the tunnel, especially between the constriction site and PTC (Fig.  S2C) . At the constriction site, there is a region of low accessibility for Na ϩ ions near positive residues in the loops of L4 and L22 protruding into the tunnel.
A MD fragment-based scan of the molecular surface reveals dynamic features of the surface. For example, the free-energy maps of ions and single amino acids point out to a very singular protein-RNA interface: a very flexible RNA loop interacting with arginines in ribosomal L39. Its relative displacement becomes evident in the trajectory as a gate held closed by a latch.
Gate-Latch Hypothesis for Peptide-Free Ribosomes. We identify the tetraloop (residues 494-497) at the tip of helix 24 in the 23S as the ribosome gate. In our probe-free simulations, we found that A497 interacts with the highly-positive electrostatic potential provided by L39 (the latch). The latch L39 is located opposite to the gate with respect to the tunnel's opening (Fig. 5) . Our simulations predict that, in a peptide-free ribosome, the gate obstructs the tunnel by approaching the latch and making short-range interactions with the latch's positive residues.
In the original x-ray structure of the ribosome [PDB ID code 1S72 (15)] (Fig. 5) , the gate A497 was crystallized at the exit of the tunnel. Most of the time, the gate dwells in a ''capping state,'' blocking the entrance. However, we find rare events in which most of helix 24 sways away from the tunnel's entrance for a few picoseconds, leaving the exit clear, and promptly returns to its capping state as a valve that is closed but momentarily opens. The broad conformational change of the tip of helix 24 is shown in Fig. 5. In addition, Fig. S6 shows a contour map representing the probability of finding A497 at the tunnel's exit. This region fluctuates rapidly, making it possible to capture complete transitions with short (20-ns) trajectories (Movie S1 and Movie S2), given a sufficient number of simulations to observe this event.
Regarding the latch, one should also consider the nature of L39, a 50-residue protein that contains several arginines. Arginine contains three terminal groups (two amino and one amide) that can donate hydrogen bonds to appropriate acceptor groups and allow an extensive network of contacts (21) . Because of this, arginine is very effective at forming RNA-protein interfaces (21, 22) .
Specifically in the ribosome tunnel, the x-ray structure (PDB ID code 1S72) shows that nearby A497 (within 10 Å) are L39's arginine side chains (R20, R31, and R35), and the four more distant (14-25 Å) arginine side chains (R39, R40, R43, and R44) are directed into the tunnel cavity. Our simulations indicate that A497 maintains short-range interactions with R20 and R31 (2.8 and 4.8 Å, respectively) and suggest longer-range interactions (Ͻ10 Å) with R35 and R39 (see Discussion in SI Text).
Simulations in our work were performed on the Haloarcula marismortui ribosome. Free-energy calculations were extremely computationally costly (equivalent to Ϸ388 years on a single processor). Given the cost of reproducing the calculation in other ribosomes, it is pertinent to combine our data with conservation arguments and speculate about the validity of these predictions in other organisms. In this spirit, we verify the sequence and structural conservation of the agents that constitute the electrostatic interface at the exit of the tunnel: ribosomal protein L39 and the tip of rRNA helix 24. We would expect that both agents (or suitable replacements) should be present in other ribosomes exhibiting similar electrostatic charge as well as dimensions as a necessary requirement for this model. Fig. 6 shows a local alignment of the H. marismortui structure (PDB ID code 1s72) used in our simulation to published x-ray structures of ribosomes: E. coli [PDB ID code 2AW4 (14) To begin with, the importance of L39 is suggested by its conservation in archea and mammals (25) . The basic motif KRRHWRRTKL in L39 that includes R39, R40, R43, and R44 is highly conserved among the different species. Tsui et al. (25) also report conservation of R20 and R35. In eubacteria, L39 is not present, but it has previously been suggested (23) that it is replaced by the tail of L23. Fig. 6 shows that a region of L23 in D. radiodurans not only superposes well with L39 of Haloarcula, but also includes R62, R64, and R67 among four other nearby positively charged residues. In the case of T. thermophilus, Fig.  6 also shows a similar structural superposition for the tip of L23 and L39, with R65 and R68 among several positively charged residues. Similarly, Fig. 6 shows that in the tail of L23 of E. coli -exposed to the tunnel-there is a stretch of nine residues (69-77), four of which are arginines. Additionally, these arginines show large B factors [B Ͼ 89 Å 2 ] in the crystal structure of E. coli [PDB ID code 2AW4 (14) ] that could result from structural fluctuations. With regard to the tip of rRNA helix 24, the corresponding regions in both E. coli and Deinococcus consistently resemble the Haloarcula structure. The same observation holds for T. thermophilus, although in this case, this region seems slightly displaced. The main difference between different organisms resides in the fact that E. coli has an insertion that makes this region a pentaloop instead of a tetraloop as in Haloarcula (Sequence alignment and secondary structure prediction in Discussion in SI Text). In Haloarcula, the flexibility of this tail viewed in our simulation allows this tetraloop to contact arginines in L39. In the case of a pentaloop, an additional base in the rRNA loop might allow greater degrees of freedom for movement and additional polar contacts. Looking at the predictions for other species, we found that the tip of this helix can adopt either a tetraloop or pentaloop, or even a hexaloop as in Homo sapiens (Fig. S7 ).
Connections to Previous Experiments. How does the gate-latch hypothesis relate to the free-energy barrier for single amino acid and ion probes at the exit of the tunnel? In the case of a peptide-free ribosome, it is possible that the gate-latch interface causes an exclusion for Cl Ϫ ions that is captured in the reduced accessibility of Cl Ϫ probes at the exit of the tunnel (Fig. 4A) . The issue of ion permeability through the ribosome-translocon pore has been addressed before. Johnson et al. (13, 26) have observed that fluorophores inside the ribosome-translocon pore cannot be quenched by iodide ions added to the cytosol. Our prediction of an obstruction of the tunnel cross-section by a flexible rRNA loop that opens and closes is not inconsistent with those experiments.
In the case of the amino acid probes, our simple gate-latch model for a peptide-free ribosome becomes a multibody problem. The arginines in L39, the flexible rRNA, the singlemolecule probe and the solvent all become part of an interplay of competing energetics. In our simulation, all of the amino acid probes except for Asp and Ala, find unfavorable interactions at the exit of tunnel, although it is not clear whether it is due to a probe-rRNA, probe-arginine, or rRNA-arginine interaction or a combination of all three possibilities, mediated by solvent. Extrapolating to the nascent polypeptide, it is difficult to assess how the gate will interact with the elongating peptide. Plausible scenarios in which the gate is constantly open involve interactions between chaperones and the gate helix 24, or the nascent chain itself blocking the gate-latch interface. A ''hose-clamp'' scenario involves the tip of helix rRNA interacting with L39 and the peptide, with an effect on the rate of translation.
Regulatory roles of L39 are consistent with our model of a free-energy barrier at the exit of the tunnel and have been previously established. Dresios et al. (5) demonstrated that the absence of L39 allows ribosomes to translate faster but with a fourfold increase in error frequency. Because L39 is a small protein in the large subunit, distant from the tRNA-binding A-site in the small subunit, it is natural to ask how the effect of L39's absence can be communicated to the peptidyl transferase center in the large subunit and the A-site in the small subunit to disrupt the normal translation rate and accuracy, respectively.
We propose that this propagation occurs by interaction between L39 and the A-site: via the nascent chain. If the absence of L39 makes translation faster but less accurate (5), it is natural to hypothesize that L39 contributes to an energetic barrier to the nascent chain that could serve to ensure a safe rate of translation, as well as to protect the tunnel exit from unwanted guests. In our model, this barrier consists of a multibody interaction between the nascent chain, positively charged residues of L39-highly exposed in the tunnel's volume-and the tip of helix 24, a flexible rRNA tetraloop at the tunnel's exit. Even though the x-ray structure (PDB ID code 1S72) shows that L39 is far (Ϸ9.5 Å) from helix 24, our simulation predicts that these two elements can get as close as 2.4 Å from each other because of the flexibility of the rRNA region and the interaction with positive residues that are strategically located in L39. Helix 24 has been reported to contact the protein conducting channel (PCC) (27, 28) , and the flexibility of this loop might also serve for that role.
In conclusion, the energy landscape presented in this work, and its impact, will likely be modified by the presence of all active participants in the ribosome-translocon-peptide complex, including the nascent peptide and chaperones. Nevertheless, our findings may provide critical insights into the environment of the tunnel and its role in translation.
Methods
As a starting point for MD simulation, we used a cut-out of Ϸ80,000 atoms cropped out from H. marismortui large subunit (PDB ID code 1S72) (15) (see Methods in SI Text for assumptions of the model). We capped protein and RNA at the cut-out boundaries. The dimensions of the model are 82.5 ϫ 85 ϫ 110 Å 3 in agreement with previous geometric and functional analysis of the length the tunnel (29, 30) , and it encompasses the ribosomal exit tunnel and its surrounding areas (Fig. 1) as well as a buffer of exterior water. All atoms at a distance of 10 Å from the tunnel inner available volume were held fixed. Parameters were taken from the AMBER parameter dataset (http:// pharmacy.man.ac.uk/amber/). Initial coordinates for crystallographic water and ions were retained, and excess negative charge was balanced with sodium atoms. Single amino acid and ion probes were placed on a grid that covered the entire available volume inside the tunnel. Multiple runs ensured that probes proximal in the grid would not interact with each other. Runs were parallelized in the Folding@Home distributed computing network. Details of modeling and simulation are available in Methods in SI Text. Probe positional data were analyzed by using WHAM (31, 32) umbrella-sampling algorithm extended to three dimensions, yielding PMF maps of the center of mass of single amino acids in the ribosome tunnel. One can find further details on the free energy calculation in Data and Error Analysis in SI Text. Additional Figs. S8 -S12 and Tables S1 and S2 are available for this article. 
